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Abstract 
Alternative Diagnostic Technique of Equine Laminitis Utilizing Eccentricity of the P3 Bone in the Dorso-
Ventral Radiograph 
Amy K. Dahl 
 
 
Laminitis is a global equine epidemic affecting an estimated 34% of horses. Laminitis is an inflammation 
and eventual failure of the lamellar tissue that serves as the bond between the hoof wall and third 
phalanx. The disease causes chronic pain and lameness. Frequently the sequala of laminitis is life-long 
lameness that in many causes results in humane euthanasia. The current standard of practice in 
confirming a diagnosis of laminitis is for the veterinarian to take three views of the equine foot – lateral, 
dorso-palmar and dorso-ventral radiographic projections. The dorso-ventral view is rarely used to 
diagnose laminitis because of the limited clinical information it provides in the diagnosis. This can limit 
the accuracy and success in diagnosing laminitis. This view, however, can be used to measure 
eccentricity of the third phalanx, or P3 bone, by developing a ratio of the third phalanx to hoof area, and 
subtraction of the third phalanx from the hoof area. The hypothesis tested was whether a new 
diagnostic technique could be created using one or more of the previous three measurements. These 
measurements were performed on radiographs from eight normal horses and seven diseased horses. 
There was not a statistically significant difference between diseased and normal horses using the ratio 
and subtraction of the bone area from the hoof area. However, a statistically significant increase in 
eccentricity of the P3 bone between diseased and normal horses was found. A blinded data set of 35 
radiographs were measured and categorized into normal or diseased based on bone eccentricity and the 
bone to hoof angle. The diagnoses using these models were compared to a board-certified radiologist’s 
diagnosis. The eccentricity was found to be superior when compared to the routine diagnosis technique 
in the categories of sensitivity, specificity, false negative rates, and false positive rates. Future studies 
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could include a study of the progression of the change in eccentricity during laminitis and the return to 
healthy.   
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CHAPTER 1: Background 
 
The horse has been used as a companion animal, pack animal, food, means of transportation, and 
athlete since the 3rd millennium B.C. (Levine). However, horses have been around for over 50 million 
years (Horse). The modern-day horse evolved over 50 million years ago, as the ideal fight-or-fight animal 
due to the evolutionary pinnacle of the horse’s 
hoof. The horse’s hoof evolved from the bones 
that form the human middle finger, as in figure 
1. The horse’s “knee” is analogous to the human 
wrist and the horse’s “ankle” is analogous to the 
knuckle joint of the human hand. The hard 
portion of the hoof that contacts the ground is 
similar to the human nail and is termed the hoof 
wall. The bone contained within the hoof is the third phalanx, also known as the P3, coffin, or pedal 
bone. The structure that bonds the hoof wall with the P3 bone is a specialized tissue called lamina or 
lamellar tissue. One of the unique roles of 
this tissue is to absorb the stress and 
strain of the mechanical forces the foot 
undergoes on impact of the horse’s leg 
during such activities as standing, 
walking, galloping, and jumping. 
Laminitis is a disease that affects this 
specialized tissue and is an inflammatory 
process that can lead to the failure of the bond between the hoof wall and the third phalanx (GROUP). 
Figure 1: Horse Hoof evolved from the same bones that make up 
the human middle finger. 
Figure 2: The anatomy of the horse hoof. Key anatomical parts are 
highlighted. 
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The lamellar tissue is similar to ‘hook and eye fasteners’ (Orsini). When the lamina is exposed to an 
insult or injury by what has been termed “trigger factors” secondary to a systemic inflammation or a 
metabolic disease similar to Type 2 diabetes the lamina becomes inflamed – termed laminitis -  and can 
fail (similar to hook and eye fasteners becoming detached). The result is third phalanx/P3 either can 
rotate downward, sink/drop, or, in many cases, a combination of both. Laminitis is a painful disease and 
frequently results in permanent injury to the foot which is termed chronic laminitis, due to the chronic 
pain and lameness humane destruction may be the end result.  
Laminitis is a global disease of the horse, with a prevalence estimated at 34% of horses worldwide 
affected by the disease at some time in their lives (CE, 
SN and KL). Laminitis has many etiologies: black walnut 
shavings, obesity, systemic illness, overabundance of 
carbohydrate intake, or stress (Eustace). Laminitis is 
poorly understood disease due to a lack of well 
controlled research studies, the many etiologies, and 
the challenge in diagnosis in the preclinical stage of the 
disease.  
The diagnosis of laminitis is based on quantitative and 
qualitative signs. In the clinical setting the horse exhibits 
behaviors such as placing the hind limbs as far forward as 
possible underneath the abdomen to transfer as much 
weight as possible onto the back legs - in cases of 
laminitis affecting both front feet - causing the horse to 
stand in a very distinctive position termed – “camped 
Figure 3: Laminitic hoof radiograph with the P3 bone at 
an angle to the ground and hoof 
Figure 4: Free body diagram of the hoof 
displaying Why the P3 bone rotates downward 
during lamina failure 
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out.” The hoof can be warm to the touch and a digital pulse prominent in vessels supplying blood to the 
foot. The horse will be hesitant to bear weight on the affected limb and especially obvious at the 
walking and trotting gait. Laminitis is most commonly seen in the front legs due to 60% of the horse’s 
body weight is borne by the front legs (Cornille). 
A diagnosis of laminitis can be confirmed using radiographs if rotation 
or sinking of the third phalanx has occurred. In a normal horse, the 
third phalanx is parallel to the hoof wall –dorsally and parallel to the 
ground - ventrally, as demonstrated in figure 5. In a horse with laminitis 
the third phalanx bone is rotated and will no longer be parallel to the 
hoof wall or ground (Eustace). The change in position or angle between 
the hoof wall and third phalanx is one of the most widely used 
diagnostic measurements to confirm laminitis. The lateral radiographic 
view as seen in Figure 5: Lateral View of Normal Hoof. The hoof is placed on a horizontal surface to allow 
for a standard view of the hoof. The angle between the hoof wall and the third phalanx and the angle 
between the palmar surface of the bone and the palmar surface of the hoof is calculated.  
Figure 5: Lateral View of Normal 
Hoof with the P3 bone parallel to 
the hoof wall 
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The Dorso-Ventral radiograph (figure 6) is also taken. This 
view is primarily used to determine if there are other 
radiographic changes in the third phalanx and is not routinely 
used in diagnosing laminitis 
Frequently, when taking radiographs, the horse is unable to 
stand because of the foot pain which could cause one or 
multiple of the radiographs to be missing or incomplete. 
Technical consistency and repeatability of these standard 
views is important to accurately diagnose the disease and without this a diagnosis of laminitis might be 
inconclusive and delay implementing definitive treatment and the horse remains in pain. Much of the 
delay in making a definitive diagnosis of laminitis is based primarily on the lateral radiographic view. The 
other radiographic views are 
less reliable in making a 
determination of radiographic 
changes in the third phalax and 
a diagnosis of laminitis. The 
dorso-ventral view 
demonstrates the profile of the 
third phalanx and its general 
circular shape. When the bone 
rotates due to failure of the lamina the profile elongates and becomes more ovular. This can be 
quantified using eccentricity or the “roundness” of an object, where a perfectly round circle is a 0, a 
perfect parabola is a 1, and a line would be infinity. Eccentricity is a unitless characteristic of a 2D image. 
Figure 6: Dorsal-Ventral View of Healthy 
Hoof. Note: The “roundness” of the P3 
bone. 
Figure 7: Profiles of a pathological subject and healthy subject as viewed from the 
ventral-dorsal radiograph. Note: the profile of the pathological subject is more ovular 
as can be seen on the over laid oval. The profile of the healthy subject is more circular 
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The greater the rotation of the third phalanx during laminitis the larger the eccentricity number. Since 
the profile changes it was hypothesized that the ratio of the area of the profile of the third phalanx to 
the area of the profile of the hoof would also be different between the diseased and normal subjects. 
Also, because the area of the profile of the third phalanx changes, the subtraction of the third phalanx 
area from the hoof profile area is different between the normal and abnormal subjects.  
Therefore, the hypothesis proposed in this study was whether the eccentricity, ratio of areas, or 
difference in areas of the third phalanx when viewed using the dorso-ventral radiograph could be useful 
as a diagnostic technique. The hypothesis was pursued with two aims: The first of which was to develop 
the process and determine if there was a statistically significant difference between normal and 
diseased horse’s feet; and the second was to use blinded data to validate the process and determine the 
viability of the new diagnostic technique.  
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CHAPTER 2: Matlab Programs 
 
The primary purpose of this study was to examine the dorso-ventral view for the eccentricity, area to 
hoof area ratio, and subtraction, or difference, of the third phalanx area from the hoof area, and to 
compare those measurements in the normal and diseased horse’s foot to determine statistical 
significance. The measurement with the greatest statistical significance will then be validated using 
blinded data.  Three separate Matlab programs were 
written to examine laminitis in the lateral and dorso-ventral 
radiographs.  
The Matlab program BonetoHoofAngle.m was written to 
determine the angle between the front of the third phalanx 
and the hoof wall. The code of “BonetoHoofAngle.m” can 
be referenced in APPENDIX 1: MATLAB code 
BonetoHoofAngle.m. The program prompts the user to 
choose a lateral radiographic image. The user then chooses 
an image from the user’s computer. Matlab then displays 
the image in grayscale and prompts the user to draw a line 
along the front of the hoof. The user draws and confirms 
the line (by double clicking on the drawn line) the information is stored by the code and the line turns 
yellow. The user is prompted to draw a line along the third phalanx and, after confirming (also by double 
clicking on the line), the line will turn red. The code returns the angle of the bone to the hoof. The final 
image with both lines drawn and confirmed can be seen in figure 8. This program was run on eight 
healthy subjects and seven subjects with confirmed diagnosis of laminitis. For the data collected for this 
Figure 8: Final image of Bone to Hoof Angle 
program. The yellow line is drawn by the user on the 
hoof wall. The red line is drawn by the user on the 
front of the P3 bone. This is used to calculate the 
angle between the two lines.  
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paper the points were consistently chosen from proximally to distally. This data was used to determine 
the angle of the anterior surface of the bone to the anterior surface of the hoof wall. The data was 
entered into Microsoft Excel 2016 and Matlab for statistical analysis.  
The Matlab program Areas and Eccentricity.m was written to examine the ratio of the areas, the 
subtraction, or difference, of the third phalanx from the area of the hoof, and eccentricity of the third 
phalanx. This code can be referenced in APPENDIX 2: MATLAB code Areas and Eccentricity.m. The user is 
prompted to choose an image in the dorso-ventral view from the user’s computer. Once chosen, the 
image is displayed in grayscale and the user is 
prompted to outline the third phalanx. After 
outlining, the third phalanx the user confirms the 
outline by double-clicking on the outline and the line 
turns red. The code automatically connects the first 
and last chosen points to create a fully enclosed 
Region-Of-Interest or ROI. A yellow line is then 
automatically added to the image which connects 
the first and last points and extends to the edges of 
the image. This creates a reference line for the back 
of the hoof or heel. The user outlines the hoof, using 
the automatically generated line as a reference for 
the heel. The user then confirms this outline, also by 
double-clicking, and the outline turns purple. The 
code automatically connects the first and last chosen points to create a fully enclosed Region-Of-Interest 
or ROI.  Once both regions are outlined and confirmed the code outputa the file name, area of the bone 
Figure 9: Final image of Areas and Eccentricity program. 
The red outline is drawn by the user along the outside of 
the P3 bone. The purple is drawn by the user along the 
outside of the hoof. The yellow line connects the first and 
last points of the red outline to give a consistent beginning 
and ending point for the user for the purple outline. These 
outlines are used to determine ratio, difference, and 
eccentricity.  
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(in pixels), area of the hoof (in pixels), the ration of the bone to hoof, the eccentricity of the bone, and 
the eccentricity of the hoof. Figure 9: Final image of Areas and Eccentricity displays the dorso-ventral 
radiograph after the regions of interest have been outlined and confirmed. This test was performed on 
the same eight normal subjects and seven diseased subjects as the bone to hoof angle program. For the 
data collected for this study the points were consistently chosen from proximally to distally. The data 
was entered into Microsoft Excel 2016 and Matlab for statistical analysis. 
The Matlab program Bone to Ground Angle.m was written to calculate the angle along the palmar plane 
of the third phalanx versus the ground. This code can be 
referenced in APPENDIX 3: MATLAB code 
BonetoGroundAngle.m. The user is prompted to choose a 
lateral radiograph from the user’s computer. The image is 
then displayed in grayscale and the user is prompted to draw 
a line along the bottom of the third phalanx. Once this line is 
confirmed by the user, by double-clicking, the line turns 
yellow. The program then prompts the user to draw a line 
along the bottom of the hoof when, once confirmed by 
double-clicking, turns red. For the data collected for this paper 
the points were consistently chosen from proximally to 
distally. The complete image can be seen in Figure 10: Final 
image of Bone to Ground Angl. The program then outputs the file name, the length of the line of the 
hoof (in pixels), the angle of the bone to the ground, the height proximally (in pixels), and the height 
distally (in pixels). This test was run on the same eight normal subjects and seven diseased or affected 
Figure 10: Final image of Bone to Ground Angle 
program. The red line is drawn by the user along 
the base of the hoof. The yellow line is drawn by the 
user along the base of the P3 bone. This is used to 
calculate the angle of the two lines.  
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subjects. The data was then used to calculate the angle of the bone to the ground. The data was entered 
into Microsoft Excel 2016 and Matlab for statistical analysis.  
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CHAPTER 3: Potential Measurements Results 
 
The data obtained though the Matlab programs was entered into Microsoft Excel and into further 
Matlab programs to calculate the F-test. The F-test is a statistical test utilized to determine whether the 
distribution of the populations have equal or unequal variances. This determines which t-test to use; 
whether to utilize the t-test assuming equal or unequal variances. The t-test is a statistical analysis which 
determines whether two populations are different or varied enough to be detectable using statistical 
analysis. Once the t-test confirms a statistically significant difference then the Ratio of Means and Cohen 
Effect Size are calculated. The Ratio of Means is utilized to determine if there is a difference between 
repeated measurements. The Cohen effect size is used to determine the correlation between the two 
populations. The larger the Cohen number the higher the effect size meaning that the larger the Cohen 
number the higher the probability that a difference is distinguishable in populations. A small effect is 
approximately 0.2, medium is around 0.5, and a large effect is around 0.8. If the Ratio of Means and 
Cohen Effect Size confirm that there is a large difference in the populations, then the 2-way ANOVA test 
is performed. The 2-Way ANOVA is used to determine the strength of difference between the two 
groups and trials. For this study, each radiograph was measured five times with these trials being 
averaged for a total of six data points for each calculation. These trials and the pathology were input 
into the 2-Way ANOVA.  ANOVA determines the significance of human error and the significance of the 
difference between the pathological/diseased groups, and the amount of interaction between the trials 
and the pathological/diseased groups.  If the ANOVA test determines that there is no effect due to 
human error, then the final step is to calculate the Receiver Operating Characteristic (ROC) curve was 
determined to confirm significance and calculate a threshold. This was determined using a Matlab 
program, which plotted the quantity of false negative to true positive rates.  The area under the curve 
was calculated with an area of 1 being a perfect diagnostic tool, which means that there was a 100% 
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true positive rate to a 0% false positive rate. The ROC is also used to determine a diagnostic threshold, 
where after the threshold would be considered pathological/diseased.  
The hoof to bone angle program was executed on the 15 radiographs (7 normal and 8 
pathological/diseased), 5 times each and the average taken.  The raw data on horses with laminitis was 
10.90 with a variance of 53.16, whereas the mean for the normal subjects was 2.22 with a variance of 
2.13. The results of the t-test assuming unequal variances for normal horses were 3.10 with a p of 0.01. 
These tests show that there is a large statistical significance between the healthy and 
pathological/diseased subjects. The Ratio of Means was between 7.314 and 5.555. The Cohen Effect Size 
was between 2.266 and 1.632. Both tests show that there is a large difference between the normal and 
pathological/diseased subjects. The ANOVA table can be seen in Appendix 4; the result was no 
significance difference due to human error with a p of 0.9853. Once the statistical significance was 
confirmed the ROC was determined. It was found that the area under the ROC curve was 0.90, 
confirming that this is a highly accurate diagnostic tool. All data can be seen in Appendix 4. In summary, 
the angle of the third phalanx to the hoof wall is a reliable and consistent technique in diagnosing 
laminitis due to the large statistical difference between the normal and pathological/diseased subjects. 
A summary of these measurements as can be seen in tables 1 through 5 below.  
The ratio of the third phalanx area to the hoof area program was run on the same 15 radiographs, 5 
times and the average was taken. The mean for the raw data for subjects with laminitis was 53.90 with a 
variance of 70.61, whereas the mean for the normal subjects was 55.22 with a variance of 9.80. The 
results of the t-test assuming unequal variances were -0.39 with a p of 0.35. These tests show that there 
is a very small statistical significance between the normal and pathological/diseased subjects. The Cohen 
Effect Size was between -0.826 and -0.945. Both tests show that there is a small difference between the 
normal and pathological/diseased subjects. The ANOVA table can be seen in Appendix 4; the results are 
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that there is no significance due to human error with a p of 0.9931.  Once the statistical significance was 
confirmed the ROC was determined. It was determined that the area under the ROC curve was 0.74, 
showing that this is not an accurate diagnostic tool. All data can be seen in Appendix 4. In summary, the 
ratio of areas of the third phalanx to the hoof is not an accurate technique to diagnose laminitis due to 
the very small statistical difference between the normal and pathological/diseased subjects. A summary 
of these measurements as can be seen in tables 1 through 5 below. 
The subtraction of the bone area from the hoof area program was run on the same 15 radiographs, 5 
times and the average taken. The mean for the raw data laminitis cases for the subtraction of the bone 
area from the hoof area was 608,389.00 with a variance of 27,570,789,533.00, whereas the mean for 
the healthy subjects was 675,970.00 with a variance of 9,739,678,592. The numbers are large due to the 
units being in pixels. The results of the t-test assuming unequal variances were -0.97 with a p of 1.77. 
These tests show that there is a negligible statistical significance between the normal and 
pathological/diseased subjects. The Ratio of Means was between 0.977 and 0.937. The Cohen Effect Size 
was between 0.298 and -0.283. Both tests show that there is a negligible difference between the normal 
and pathological/diseased subjects. The ANOVA table can be seen in Appendix 4; the results are  no 
significant difference due to human error with a p of 0.9655. Once the statistical insignificance was 
confirmed the ROC was determined. It was found that the area under the ROC curve was 0.53, showing 
that this is not an accurate diagnostic tool. All data can be seen in Appendix 4: Raw Data (F-tests, t-tests, 
Ratio of Means, Cohen Effect Size, ANOVA tables, ROC tables, Sensitivity, Specificity, False Negative 
Rates, and False Positive Rates). In summary, the subtraction of the third phalanx area from the hoof 
area is not an accurate technique for diagnosing laminitis due to the negligible statistical difference 
between the normal and pathological/diseased subjects. A summary of these measurements as can be 
seen in tables 1 through 5 below. 
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The eccentricity program was run on the same 15 radiographs 5 times with the average taken. The mean 
for the raw data for the subjects with laminitis for the eccentricity of the third phalanx was 0.49 with a 
variance of 0.02, whereas the mean for the normal subjects was 0.37 with a variance of 0.01. The results 
of the t-test assuming unequal variances were 1.99 with a p of 0.04. These tests show that there is a 
large statistical significance between the normal and pathological/diseased subjects. The Ratio of Means 
was between 1.360 and 1.287. The Cohen Effect Size was between 1.363 and 0.893. These tests show 
that there is a large difference between the normal and pathological/diseased subjects. The ANOVA 
table can be seen in Appendix 4; however, the result was no significant difference due to human error 
with a p of 0.9856. Once the statistical significance was confirmed the ROC was determined. This was 
determined using a Matlab program, which plotted the amount of false negative to true positive rates. 
The area under the curve was calculated, with an area of 1 being perfect. The area under the ROC curve 
was 0.78, which shows a highly accurate diagnostic tool. All data can be seen in Appendix 4: Raw Data 
(F-tests, t-tests, Ratio of Means, Cohen Effect Size, ANOVA tables, ROC tables, Sensitivity, Specificity, 
False Negative Rates, and False Positive Rates). In summary, the eccentricity of the third phalanx is an 
accurate technique to diagnose laminitis due to the large statistically significant difference between the 
normal and pathological/diseased subjects. A summary of these measurements as can be seen in tables 
1 through 5 below. 
The bone to ground angle program was run on the same 15 radiographs, 5 times and the average was 
taken. The mean for the raw data for the subjects with laminitis was -5.24 with a variance of 169.24, 
whereas the mean for the normal subjects was 0.19 with a variance of 13.20. The results of the t-test 
assuming unequal variances were 1.07 with a p of 0.16. These tests show that there is a large statistical 
significant difference between the normal and pathological/diseased subjects. The Ratio of Means was 
between -1.980 and -3.648. The Cohen Effect Size was between -0.537 and -0.759. These tests show that 
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there is a small difference between the normal and pathological/diseased subjects. The ANOVA table 
can be seen in Appendix 4; however, the result was no significant difference due to human error with a 
p of 0.9995. Once the statistical significance was confirmed the ROC was determined. This was 
determined using a Matlab program, which plotted the amount of false negative to true positive rates. 
The area under the curve was calculated, with an area of 1 being perfect. The area under the ROC curve 
was 0.69, showing that this is a highly accurate diagnostic tool. All data can be seen in Appendix 4: Raw 
Data (Diagnosis Technique Creation Data (Raw, F-tests, t-tests, Cohen, Ratio of Means, ANOVA, ROC). In 
summary, the angle of the third phalanx to the ground is not an accurate technique to diagnose laminitis 
due to the small difference between the normal and pathological/diseased subjects. A summary of these 
measurements can be  
seen in tables 1 through 5 below. A comparison of the 
measurements between the healthy and diseased can 
be seen in Appendix 6: Comparison of healthy and 
diseased measurement tables.  
In summary, the t-test shows that the bone to hoof 
angle and the eccentricity of the bone are the most 
statistically significant diagnostic techniques. The ratio 
of means, Cohen Effect Size, and the ROC data reinforce 
this conclusion. The ANOVA test shows that human error is not a concern for either diagnostic 
technique. Below are the summary tables of the t-test, Ratio of Means, Cohen Effect Size, ROC, and 
ANOVA data for all diagnostic techniques tested.  
 
Table1: t-test results summary 
 t-test p-value 
Bone to Hoof Angle 3.10 0.01 
Ratio -0.39 0.35 
Difference -0.97 0.17 
Eccentricity 1.99 0.04 
Bone to Ground Angle 1.07 0.16 
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Since the eccentricity of the third phalanx displayed the most statistical significant difference between 
the three-test diagnostic method (ratio, difference, and eccentricity) this method will be further 
investigated. The ROC data for the bone to hoof angle and the eccentricity was used to determine a 
pathological/diseased threshold of 4° and .45, respectively. This data was used to diagnose blinded data 
Table 2: Ratio of Means Results Summary 
 Highest Lowest 
Bone to Hoof 7.314 5.555 
Ratio 0.905 0.888 
Difference 0.977 0.937 
Eccentricity 1.360 1.287 
Bone to Ground -1.980 -3.648 
Table 3: Cohen Effect Size Results Summary 
 High Low 
Bone to Hoof 2.266 1.632 
Ratio -0.826 -0.945 
Difference 0.298 -0.283 
Eccentricity 1.363 0.893 
Bone to Ground -0.537 -0.759 
Table 5: ANOVA results summary 
Bone to Hoof 0.9853 
Ratio 0.9931 
Difference 0.9655 
Eccentricity 0.9856 
Bone to Ground 0.9995 
Table 4: ROC area results summary 
Bone to Hoof 0.90 
Ratio 0.74 
Difference 0.53 
Eccentricity 0.78 
Bone to Ground 0.69 
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and compare to a radiologist’s diagnosis. This method will be compared to the conventional method of 
measuring the angle of the bone to the hoof wall to validate the new method.   
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CHAPTER 4: Diagnosis Procedure Validation 
 
The ROC tables created using the known subjects’ data were utilized to determine the threshold at 
which laminitis was clinically diagnosed. This threshold was determined based on a compromise 
between a higher true positive or a higher true negative rate. It was determined that a higher true 
positive rate 
was more 
important 
because a 
higher 
positive rate would provide an affected horse quicker medical care. Using this approach a threshold of 
0.45 was used to diagnose 35 cases of blinded radiographs.  A radiologist’s diagnosis was used to 
determine the sensitivity (true positive rate, TPR), specificity (true negative rate, TNR), false positive rate 
(FPR), and false negative rate (FNR) of the diagnostic method using the eccentricity and the commonly 
used diagnostic technique of the angle of the bone to the hoof wall.  
It was determined that with a threshold of 0.45, where an eccentricity measurement over 0.45 was 
determined to be pathological/diseased the sensitivity or true positive rate (TPR) was 46.2%, the 
specificity or true negative rate (TNR) was 63.7%, the false positive rate (FPR) was 36.4%, and the false 
negative rate (FNR) was 53.8% as can be seen in table 6.  
The True Positive Rate, True Negative Rate, False Positive Rate, and False Negative Rate for the angle of 
the bone to the hoof were determined for the angles 3, 4, and 5, where a measurement above this 
threshold would be pathological. For the 3° threshold, the TPR was 31%, the TNR was 32%, the FPR was 
Table 6:  Sensitivity, specificity, FPR, and FNR eccentricity blinded data 
ECCENTRICITY 
    Test 
 
   
Actual 
  Laminitis Healthy Total SEN 46.2% 
Laminitis 6 7 13  SPEC 63.7% 
Healthy 8 14 22  FPR 36.4% 
  14 21 35   FNR 53.8% 
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68%, and the FNR was 69%. For the 4° threshold, the TPR was 31%, the TNR was 55%, the FPR was 45%, 
and the FNR was 69%. For the 5° threshold, the TPR was 15%, the TNR was 59%, the FPR was 41%, and  
the FNR was 85%, as can be seen in the table below.  
For all the thresholds of the angles the eccentricity of the third phalanx was a more accurate diagnostic 
tool with higher true positive and true negative rates, and lower false negative and false positive rates.  
 
  
Table 7: Sen, spec, FPR, FNR angle of bone to hoof blinded data 
Laminitis diagnosed at a bone angle of 3°  
    Test 
 
   
Actual 
  Laminitis Healthy Total SEN 31% 
Laminitis 4 9 13  SPEC 32% 
Healthy 15 7 22  FPR 68% 
  19 16 35   FNR 69% 
Laminitis diagnosed at a bone angle of 4° 
    Test 
 
   
Actual 
  Laminitis Healthy Total SEN 31% 
Laminitis 4 9 13  SPEC 55% 
Healthy 10 12 22  FPR 45% 
  14 21 35   FNR 69% 
Laminitis diagnosed at a bone angle of 5° 
    Test     
Actual 
  Laminitis Healthy Total  SEN 15% 
Laminitis 2 11 13  SPEC 59% 
Healthy 9 13 22  FPR 41% 
  11 24 35   FNR 85% 
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CHAPTER 5: Summary 
The results of this study show a statistically significant difference between the normal and 
pathological/diseased subjects with regards to bone to hoof angle, bone to ground angle, and bone 
eccentricity. There is no statistically significant difference between the normal and 
pathological/diseased ratio or subtraction of the third phalanx area from the hoof area.  
This validates the current practice of using the bone to hoof angle to diagnose laminitis due to a 
statistically significant difference in angle between pathological/diseased and normal subjects. This also 
gives a baseline to determine if eccentricity, subtraction, or ratio are equally reliable to diagnose 
laminitis. When a horse enters a veterinary clinic for suspected laminitis three radiographs are taken; 
the dorso-palmar angle, dorso-ventral angle, and the lateral views. Currently, the lateral view is the 
most commonly used to diagnose the disease because the third phalanx bone angle can be easily 
determined from this image, which is the common practice to diagnose laminitis. However, this leaves 
the dorso-palmar and the dorso-ventral views without significant analysis. This paper focused on the 
dorso-ventral view and the third phalanx eccentricity, the ratio of hoof area to bone area, and 
subtraction of the third phalanx area from the hoof area. The reason for this is to allow for a more 
complete analysis in cases where there is incomplete, missing, or inconclusive radiographs.  
It was determined that there is a statistically significant difference between the eccentricity of the third 
phalanx in a normal animal versus a horse affected with laminitis. This aligns with anatomy since the 
third phalanx when parallel to the ground, as in a normal horse, displays a circular profile in the doso-
ventral view. However, when the third phalanx rotates due to laminitis this causes the circular profile to 
become distorted and more ovular in appearance. This difference in appearance was statistically 
significant in the 15 cases (seven pathological/diseased and eight normal subjects) used to test the 
eccentricity technique.  
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Neither the ratio nor subtraction of the bone area from the hoof area was statistically significant. This 
could be due to the rotation of the third phalanx not displacing and changing the area displayed in the 
dorso-ventral view to change enough to be statistically different.  
The data from the ratio of means, Cohen, and ROC data indicates that the best diagnostic technique is 
the angle of the bone to the hoof. However, the sensitivity, specificity, false negative, and false positive 
rates obtained during the validation of the technique indicated that eccentricity of the third phalanx is 
superior to the conventional methods currently used.  
Future studies could focus on studying a larger number of laminitis affected horses versus normal 
horses, determine any physiological difference between hind and fore legs and between breeds with 
regards to the eccentricity of the third phalanx, and to follow the radiographic changes from acute 
laminitis – beginning of the disease through treatment and recovery. It was also determined during the 
study that there does not exist any information regarding the properties of the tissue beneath the third 
phalanx.  
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APPENDIX 1: MATLAB code BonetoHoofAngle.m 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%.. v0.0.1 - 2015/12/07 
%.. this function should read xray image file 
%.. and draw lines 
%--- remove last run's data 
Clear; clc; clf 
%% Get image file name from user 
%-- get image file name 
[fnm,pth] = uigetfile('*.jpg', 'Choose LATERAL-View Xray Image'); 
%--- appends filename to path (operating system independent) 
img_file = fullfile(pth,fnm); 
%--- read image data into matlab 
im1 = imread(img_file); 
%--- but I don't want color, I want grayscale 
imG = rgb2gray(im1); 
%--- visualize image in a figure 
imshow(imG); 
%% Draw the HOOF line 
uiwait(msgbox('Choose Hoof Line')); 
h1 = imline; 
p_line1 = wait(h1); 
%--- p_line1 is a matrix, 1st column = x values, 2nd column = y-values 
x_line1 = p_line1(:,1); 
y_line1 = p_line1(:,2); 
%--- remove the imline object, so I don't have any trouble ... 
delete(h1); 
%--- 'adds' line to current figure (not overwrite current figure) 
23 
 
hold on; 
%--- draw 'hoof' line 
plot(x_line1, y_line1, 'y+-'); 
%% Draw the BONE line 
uiwait(msgbox('Choose Bone Line')); 
h2 = imline; 
p_line2 = wait(h2); 
%--- p_line1 is a matrix, 1st column = x values, 2nd column = y-values 
x_line2 = p_line2(:,1); 
y_line2 = p_line2(:,2); 
%--- remove the imline object, so I don't have any trouble ... 
delete(h2); 
%--- 'adds' line to current figure (not overwrite current figure) 
hold on; 
%--- draw 'hoof' line 
plot(x_line2, y_line2, 'rx-','linewidth',2); 
%% calculate angle based on line points 
%--- first calculate difference in x & ys 
dX1 = diff(x_line1); 
dY1 = diff(y_line1); 
th1 = atan2d(dY1, dX1); 
%--- second calculate difference in x & ys for line 2 
dX2 = diff(x_line2); 
dY2 = diff(y_line2); 
th2 = atan2d(dY2, dX2); 
%-- now take the difference in the2 - th1 
th2_1 = th2 - th1; 
th_out = [th1, th2, th2_1] 
return;  
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APPENDIX 2: MATLAB code Areas and Eccentricity.m 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%.. v0.0.1 - 2016/01/26 
%.. this function should read xray image file 
%.. and draw ROIs around hoof and bone (dorsal/ventral view) 
%--------------------------- 
%--- remove last run's data 
Clear; clc; clf; 
%% Get image file name from user 
%-- get image file name 
[fnm,pth] = uigetfile('*.jpg', 'Choose DORSAL/Ventral-View Xray Image'); 
%--- appends filename to path (operating system independent) 
img_file = fullfile(pth,fnm); 
%% read data and display 
%--- read image data into matlab 
im1 = imread(img_file); 
%--- 2015.12.07, data appears to be MxNx3 (R,G,B 'color' image) 
%--- but I don't want color, I want grayscale 
imG = rgb2gray(im1); 
%--- visualize image in a figure 
imshow(imG); 
colormap('bone') 
axis on; 
%% Draw the BONE ROI 
uiwait(msgbox('Outline Bone Region-Of-Interest')); 
[bwB, xB, yB] = roipoly; 
%--- 'adds' line to current figure (not overwrite current figure) 
25 
 
hold on; 
%--- draw 'hoof' line 
plot(xB, yB, 'r+-'); 
%% Draw Bone-based anatomical line to aid in selection of hoof 
xB_top = [xB(1),xB(end-1)]; 
yB_top = [yB(1),yB(end-1)]; 
%--- fit a line to data 
p_fit = polyfit(xB_top, yB_top,1); 
y_est = polyval(p_fit, xlim); 
%--- add to line 
hold on 
plot(xlim, y_est, 'y--'); 
%% Draw the HOOF ROI 
uiwait(msgbox('Outline HOOF Region-Of-Interest')); 
[bwH, xH, yH] = roipoly; 
%--- 'adds' line to current figure (not overwrite current figure) 
hold on; 
%--- draw 'hoof' line 
plot(xH, yH, 'm*-'); 
%% Calculate area properties 
S_bone = regionprops(bwB,'area','eccentricity') 
S_hoof = regionprops(bwH,'area','eccentricity') 
A_bone = S_bone.Area; 
A_hoof = S_hoof.Area; 
e_bone = S_bone.Eccentricity; 
e_hoof = S_hoof.Eccentricity; 
%--- format output for easy copy and paste 
out_txt(1,1) = {sprintf(['File \t', ... 
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 'Area-Bone () \t Area-Hoof () \t Ratio (Ab/Ah)\t', ... 
 'Diff (hoof - bone) \t Ecc_Bone () \t Ecc_Hoof ()'])}; 
out_txt(2,1) = {sprintf(['%s \t', ... 
 '%.0f \t %.0f \t %.0f \t %.2f \t', ... 
 '%.3f \t %.3f'], ... 
 fnm, ... 
 A_bone, A_hoof, 100*A_bone/A_hoof, ... 
 A_hoof-A_bone, e_bone, e_hoof)}; 
disp(char(out_txt)) 
return; 
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APPENDIX 3: MATLAB code BonetoGroundAngle.m 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%.. v0.1.0 - 2016/02/09 
%.. this function should read xray image file 
%.. and draw lines on ground and bone 
%--- remove last run's data 
Clear; clc; clf 
%% Get image file name from user 
%-- get image file name 
[fnm,pth] = uigetfile('*.jpg', 'Choose LATERAL-View Xray Image'); 
%--- appends filename to path (operating system independent) 
img_file = fullfile(pth,fnm); 
%--- read image data into matlab 
im1 = imread(img_file); 
%--- but I don't want color, I want grayscale 
imG = rgb2gray(im1); 
%--- visualize image in a figure 
imshow(imG); 
colormap bone 
axis on; 
%% Draw the HOOF line 
uiwait(msgbox('Choose Bottom of Bone Line')); 
h1 = imline; 
p_line1 = wait(h1); 
%--- p_line1 is a matrix, 1st column = x values, 2nd column = y-values 
x_line1 = p_line1(:,1); 
y_line1 = p_line1(:,2); 
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%--- remove the imline object, so I don't have any trouble ... 
delete(h1); 
%--- 'adds' line to current figure (not overwrite current figure) 
hold on; 
%--- draw 'hoof' line 
plot(x_line1, y_line1, 'y+-'); 
%% Draw the BONE line 
uiwait(msgbox('Choose Bottom of Hoof Line')); 
h2 = imline; 
p_line2 = wait(h2); 
%--- p_line1 is a matrix, 1st column = x values, 2nd column = y-values 
x_line2 = p_line2(:,1); 
y_line2 = p_line2(:,2); 
%--- remove the imline object, so I don't have any trouble ... 
delete(h2); 
%--- 'adds' line to current figure (not overwrite current figure) 
hold on; 
%--- draw 'hoof' line 
plot(x_line2, y_line2, 'rx-','linewidth',2); 
%% calculate angle based on line points 
%--- assume A > B 
pA = p_line1(1,:)'; 
pB = p_line1(2,:)'; 
%--- assume C > D 
pC = p_line2(1,:)'; 
pD = p_line2(2,:)'; 
%--- get relative vectors in original coordinate system 
pBA = pB - pA; 
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pCA = pC - pA; 
pDA = pD - pA; 
%% do calculations 
%--- calculate angle of rotation 
thr = 180/pi*atan2(pBA(2,1), pBA(1,1)); 
%--- calcuate rotation matrix 
Ar = [cosd(thr), sind(thr);-sind(thr), cosd(thr)]; 
%--- apply rotation matrix to data 
pBA2 = Ar*pBA; 
pCA2 = Ar*pCA; 
pDA2 = Ar*pDA; 
L_hoof = pBA2(1,1) 
%--- fit a line to transformed data points 
p_line3  = polyfit([pCA2(1,1);pDA2(1,1)], [pCA2(2,1);pDA2(2,1)],1); 
th_h2g = 180/pi*atan(p_line3(1)) 
h_est = polyval(p_line3, [0,L_hoof]) 
out_str(1,1) = {sprintf(['File \t ', ... 
 'L_hoof (pix) \t th_h2g (deg) \t ', ... 
 'h_prox (pix) \t h_dist (pix)'])}; 
out_str(2,1) = {sprintf(['%s \t', ... 
 '%.1f \t %.2f \t', ... 
 '%.1f \t %.1f'], ... 
 fnm, ... 
 L_hoof, ... 
 th_h2g, ... 
 h_est)}; 
disp(char(out_str)) 
return;  
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APPENDIX 4: Diagnosis Technique Creation Data (Raw, F-tests, t-tests, Cohen, Ratio of Means, 
ANOVA, ROC)  
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Table 16: 2-Way ANOVA Bone to Ground Angle 
Table 17: 2-Way ANOVA Bone to Hoof Angle 
Table 18: 2-Way ANOVA Bone to Hoof Ratio 
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Table 19: 2-Way ANOVA Bone to Hoof Difference 
 
 
Table 20: 2-Way ANOVA Bone Eccentricity 
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ROC-Area TPF (%) FPF (%) 
0.69 90.0   99.4 
    
      
 
 
 
 
 
 
 
 
Figure 11: ROC data Bone to Ground Angle 
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ROC-Area   TPF (%) FPF (%) 
0.90 90.0 44.7 
    
       
 
 
 
 
 
 
 
 
Figure 12: ROC data Bone to Hoof Angle 
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ROC-Area TPF (%)   FPF (%) 
0.74 90.0 91.9 
    
       
 
 
 
 
 
Figure 13: ROC data Bone to Hoof Ratio 
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ROC-Area TPF (%) FPF (%) 
0.53 90.0 93.6 
      
      
 
 
 
Figure 14: ROC data Bone to Hoof Difference 
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ROC-Area TPF (%) FPF (%) 
0.78 90.0 79.7 
      
      
 
 
 
 
Figure 15: ROC data Bone Eccentricity 
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APPENDIX 5: Diagnosis Procedure Verification (Raw Data) 
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APPENDIX 6: Comparison of healthy and diseased measurement tables 
 
 
 
 
 
 
Mean STD 
Healthy 2.22 1.45 
Laminitis 10.9 7.29 
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Figure 16: Bone-to-Hoof Angle Comparison 
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Mean STD 
Healthy 0.33 3.37 
Laminitis -5.24 13.00 
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Figure 17: Bone-to-Ground Angle Comparison 
p-value= 0.16 
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Mean STD 
Healthy 55.22 3.13 
Laminitis 53.90 8.41 
 
 
 
 
 
 
 
 
 
 
 
 
0
10
20
30
40
50
60
70
Healthy LaminitisR
at
io
 B
o
n
e:
H
o
o
f 
p-value= 0.35 
Figure 18: Ratio of Bone Area to Hoof Area Comparison 
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Mean STD 
Healthy 675970.1 98689.81 
Laminitis 608389 166044.5 
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Figure 19: Subtraction of Bone Area from the Hoof Area Comparison 
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Mean STD 
Healthy 0.37 0.10 
Laminitis 0.49 0.14 
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Figure 20: Eccentricity of the P3 Bone Comparison 
